Bacterial blast, caused by Pseudomonas syringae, is a serious disease of stone fruit crops, affecting both tree health and fruit appearance. Fruitgrowers protect trees by applying copper from leaf fall to early summer using copper in various formulations, rates and times. There is pressure to reduce copper usage because of the potential for its accumulation in soil. Trials conducted over three years showed that copper, applied as copper hydroxide, was not effective in reducing bacterial blast symptoms on fruit, even when applied up to eight times in a season. In contrast, trees that were treated with sulphur produced fruit with signifi cantly less bacterial damage. The benefi t of sulphur on nectarine cv. Fantasia was demonstrated over three years on one site. Sulphur shows potential as a replacement for copper in the nectarine spray programme, but its effect on other stone fruit crops should be confi rmed. The mode of action of sulphur is unclear.
INTRODUCTION
Bacterial blast (bacterial canker), caused either by Pseudomonas syringae pv. syringae or pv. persicae, is a serious disease of stone fruit (summerfruit) crops in New Zealand. It is a common problem in most Central Otago orchards (Young 1987) . Bacterial blast causes cankers (often associated with gumming) to develop on the trunk, branches or shoots. Branches and even whole trees may die, especially if they are young. Leaf spots develop in spring and this is followed a few weeks later by black spots appearing on the fruit. On nectarines, the fi rst fruit spots appear in late November and can continue to develop until harvest. Recently, bacterial marking of fruit has been responsible for signifi cant commercial losses in some cultivars (up to 40% of the crop). Bacterial marking on fruit may also be caused by bacterial spot, Xanthomonas arboricola pv. pruni, but this organism has been uncommon in Central Otago orchards in the past few years and absent from samples collected from the trial site between 2000 and 2005 (Vanneste et al. 2005) .
The spray programme to control bacterial blast was developed more than fi fty years ago and was designed to prevent infection in the trees (Dye 1956 ). Young & Paulin (1982) and Tate (1999) modifi ed the programme slightly but all based their recommendations on copper applications. The programme generally consisted of two to three applications of Bordeaux mixture (containing copper sulphate) or copper hydroxide, applied over the leaf fall period in autumn, followed by at least two copper applications over the dormant period, particularly at the late dormant or bud movement stage before fl owering. The antibiotic streptomycin is occasionally used in early spring. Surveys of orchardists spray programmes showed that copper is being applied in the form of copper sulphate, copper hydroxide, copper oxychloride or cuprous oxide to most commercial orchards in Central Otago (G.F. McLaren, unpubl. data) . There is widespread pressure to eliminate the use of streptomycin and reduce the quantity of copper applied in orchards because of the negative effect of copper on soil biota, particularly earthworms. Sulphur is considered to have little activity against P. syringae in the laboratory (C.N. Hale, pers. comm.). However, replicated trials conducted at Clyde Research Centre from 1995 to 2000 indicated that bacterial marking on nectarine fruits (cv. Fantasia) could be signifi cantly reduced by applying 3-4 applications of sulphur over the 5-6 week period between fl owering and shuck fall (G.F. McLaren, unpubl. data). These observations, as well as the need to fi nd a more effective programme to control bacterial blast on fruit, led to the establishment of three consecutive fi eld trials between 2002/03 and 2004/05. These evaluated the effi cacy of copper and/or sulphur on nectarines. This paper describes the results of these trials.
MATERIALS AND METHODS Field trials
All research was carried out on a block of nectarines cv. Fantasia at Clyde Research Centre. The trees had been planted in 1983 at 5 x 6 metre spacing. All treatments were re-randomised each year except in the second year when the sulphur treatments from the previous year were left untreated. At the end of the following season, the level of bacterial symptoms on the fruit of trees that had been treated with sulphur the previous year were the same as on the untreated trees in the current year (P>0.05). Thus, it was assumed that there was no carryover of treatments from year to year.
Treatments were applied to the trees with a hand-gun to two-tree plots replicated six times in the fi rst two years and three-tree plots replicated three times in the third year, in a randomised plot design. In the fi rst two years, copper formulations were the main focus of the experiments with sulphur applied just once, either alone or with copper. By the third year, it was clear that sulphur justifi ed more study, especially in relation to its time of application.
Possible phytotoxicity was avoided by applying sulphur or copper during the growing season at rates lower than those used on dormant trees. All applications of sulphur and copper were applied at the recommended time and within recommended label rates in autumn and the late dormant stage, but there is no label claim for the use of copper over the growing season, despite its frequent use on commercial orchards (G.F. McLaren, unpubl. data) . Timing of applications and treatment details are summarised in Table 1 . Copper hydroxide was applied as Kocide® 2000 DF (35% active copper), cuprous oxide was applied as Nordox Oleo 40 (65% active copper), copper oxychloride was applied as Copper Oxychloride 50 WDG (50% active copper) and sulphur was applied as Kumulus® DF (80% elemental sulphur).
At harvest (14 February 2003 , 17 February 2004 and 21 February 2005 , 80 fruit were collected from each plot and assessed for bacterial damage in the laboratory on the basis of presence or absence of symptoms. Analysis of variance was undertaken on the percentage fruit without bacterial blast using S-plus. Effect of Kumulus® DF on P. syringae The strain of P. syringae pv. syringae 02.43, isolated by Robert Taylor in 2002 from infected material from Clyde Research Centre, was grown overnight in Luria broth at 28°C. This overnight culture was diluted one hundred times in water or in Luria broth with or without Kumulus® DF. Two rates of Kumulus® DF were used for each growing medium: 150 g/100 litres and 1500 g/100 litres when using water; or 75 g/100 litres and 750 g/100 litres when using Luria broth. Populations were determined by dilution plating after 0, 7 and 24 h incubation at 28°C.
RESULTS
Applications of sulphur signifi cantly increased the proportion of fruit that showed no bacterial damage symptoms at harvest (P<0.001) in all three years (Table 1) . None of the copper formulations or treatments increased the proportion of fruit without bacterial blast symptoms compared with the untreated in any year, irrespective of timing or copper formulation (P>0.05). Sulphur was effective when applied to the tree four times between fl owering and shuck fall (September/October) in both 2002/03 (P<0.001) and 2003/04 (P<0.001). However, in 2004/05 the four applications of sulphur between fl owering and shuck fall only reduced bacterial damage symptoms compared to the untreated when the trees had also been treated with two applications of sulphur in August (P<0.001). Sulphur was not effective at reducing bacterial damage symptoms when applied to the ground in 2004/05, despite receiving eight applications. After 24 h incubation, the population of P. syringae 02.43 grew from 5x10 6 cfu/ml to 3x10 7 cfu/ml in water, and from 4x10 6 cfu/ml to 9x10 7 cfu/ml in Luria broth. Populations of P. syringae 02.43 in water or Luria supplemented with Kumulus®DF (both rates) were similar to those obtained when the strain was grown in water or Luria without Kumulus®DF (data not shown).
DISCUSSION
This series of trials has clearly demonstrated that foliar sulphur is effective at reducing symptoms of bacterial damage on nectarine fruit. In the fi rst two years, four sulphur applications between fl owering and shuck fall were suffi cient to give a signifi cant reduction in symptoms. However, in 2004/05, sulphur was only effective when applied in a programme that began while the trees were dormant in August and continued until shuck fall in early November, a total of six applications. Sulphur was not effective when applied in autumn only in 2004/05, but since this was the fi rst time that autumn applications had been tested, this conclusion needs to be confi rmed.
Sulphur is one of the essential nutrients for plant growth and is known to be naturally defi cient in Central Otago soils (Ludecke 1962) . However, there seem to have been few if any studies on sulphur defi ciencies in fruit trees, either in New Zealand or overseas. The observed response to foliar sulphur could have been attributed to the correction of a soil defi ciency, but there was no signifi cant response to sulphur when it was applied to the ground, at least in the fi nal year of this series of trials. However, there was suffi cient indication of a possible response to encourage retention of the plots with sulphur-onthe-ground in the same sites in trials planned for next year.
Sulphur is reputed to have little effect on P. syringae in the laboratory and this was confi rmed in the current study when P. syringae grew in water or Luria broth that had been supplemented with sulphur at rates ten times higher than those recommended for use in the fi eld.
The benefi ts of sulphur seem to be short term as they failed to carry over from the fi rst trial into the following season in 2003/04. The mode of action of sulphur is unclear since it has little effect on P. syringae in the laboratory and it does not appear to act as a soil nutrient. Possibilities include a direct effect on the tree or an indirect one, potentially through the tree s microfl ora. There is no doubt that the lack of understanding of the mode of action of sulphur limits its use to best advantage.
The lack of response to copper, regardless of the formulation or the timing, can probably be attributed to the existence of high levels of resistance to copper that were found in the P. syringae samples collected from the trial site. Resistance to copper is discussed by Vanneste et al. (2005) .
Sulphur shows promise as a replacement for copper for the control of P. syringae. It is currently being tested on other cultivars and crops in Central Otago. 
